Summary: Carbonic anhydrases (CAs) plays a critical functional role in the ciliary body and retina for maintenance of microenvironment. With immunohistochemistry using orbital contents from 8 human fetuses (12-16 weeks of gestation), we examined expressions of CAs isozymes-1, 2, 3, 6, 7 9 and 12 and found strong reactivity of CA9 in extra-ocular fibrous tissues in the anterior and posterior eyes. CA9 is known to express in the fetal joint cartilage to maintain pH against hypoxia: actually, in the present specimens, the SO pulley and its tendon was strongly positive for CA9. The CA9-positive anterior fibrous tissues were positive for smooth muscle actin and connected the orbital aspect of the 4 rectus muscle with the palpebral conjunctiva, whereas the posterior tissue was negative for smooth muscle actin and corresponded to the lateral insertion tendon of the orbitalis muscle. The anterior CA9-positve tissues seemed to correspond to the primitive form of the sleeve and pulley system. Any of matrix substances (collagen types I and II, aggrecan, versican, fibronectin, tenascin and hyaluronan) displayed a distribution pattern specific for the CA9-positive fibrous tissues. Therefore, whether or not CA9 was positive in the fibrous tissue seemed not to depend on the tissue components such as the extracellular matrix and intermediate filaments but to suggest a stressful condition such as hypoxia, unsuitable base balance and/or under mechanical stress.
Introduction
Carbonic anhydrase (CAs) are zinc metalloenzymes that catalyse the reversible hydration of CO 2 into bicarbonate and hydrogen ions. More than 15 isoenzymes of CAs are found in cellular secretions, cytosol, mitochondria or bound to the cellular membrane. CAs have broad biological functions, including the regulation of pH, removal of metabolic waste, transportation of ions across cell membrane, gluconeogenesis, lipogenesis, urea genesis and calcification (Supuran, 2008; Hilvo et al., 2008; Gilmour, 2010) . It is well known that, in glaucoma patients, CA inhibitors are very effective in lowering intraocular pressure by reducing the rate of aqueous humour secretion mediated by the CAs in the ciliary epithelium. CA2 and CA4 are abundant in the nonpigmented ciliary epithelium in adults (Shahidullah et al., 2009 ), while CA12 is localized in the same tissue but predominantly in fetuses (Liao et al., 2003) . The retinal pigment epithelium also carries CA4 (Adijanto et al., 2009 ) and CA14 (Nagelhus et al., 2005) . CA-mediated HCO 3 transport plays a critical role to maintain the microenvironment around photoreceptor outer segments of the retina (Wolfensberger et al., 1994) . Likewise, CAs may have a role in buffering the apical surface of the corneal endothelium (Diecke et al., 2004; Sun et al., 2008) . Although it is not commonly known, fetal extra-ocular muscles express CA3 immunoreactivity during the myogeneis at approximately 6-7 weeks of gestation (Oguni et al., 1992) . Expressions of CA2, CA4 and CA5 were reported in adult rodent extra-ocular muscles (Andrade et al., 2004) . In spite of those many descriptions on CAs, however, observations of the human fetal eye was limited to Liao et al. (2003) who examined expressions of CA9 and CA12 at 15-20 weeks of gestation. Moreover, no researchers seemed to pay attention to extra-ocular connective tissues.
Recently, we reported a role of mechanical stress from the developing eye ball to form extra-occular connective tissue structures such as the orbitalis muscle and the primitive collateral ligaments of the eye (Osanai et al. 2011ab) . Notably, in contrast to other CAs isoenzymes, CA9 expression was reported in fetal joint cartilages, tendons and ligaments those receive mechanical stress due to increased size of the adjacent structures (Schultz et al., 2011; Liao et al., 2009; Scheibe et al., 2008) . Therefore, we attempted to clarify spatial expression of CAs, especially CA9, in human fetus extra-occular tissues. According to Liao et al. (2009) , CA9 expression in the human fetal musculoskeletal system starts at 7 weeks of gestation and it is strong at 10-17 weeks. Thus, we chose the present specimens (10-16 weeks) in which the strongest expression of CA9 was expected. The matrix substances of the connective tissue, such as collagen type I and II, aggrecan, versican, fibronectin, tenascin and hyaluronan, change depending on strength and modality of the mechanical stresses (reviewed by Milz et al., 2005 
Materials and Methods
The study was performed in accordance with the provisions of the Declaration of Helsinki 1995 (as revised in Edinburgh 2000). We observed the paraffin-embedded histology of 8 mid-term fetuses at 12-16 weeks of estimated gestational age (75-120 m crown-rump length or CRL). With the agreement of the families concerned, these specimens were donated to the Department of Anatomy, Chonbuk National University in Korea, and their use for research was approved by the university ethics committee. Without breaking any rules of the universities or hospital, the authors other than the Chonbuk University did not need to inform this research project to the corresponding committee in Japan. The fetuses had been obtained by induced abortions. After abortion, each of the mothers was personally informed by an obstetrician about the possibility of donating the fetus for research: no attempt was made to encourage donation. Because of randomization of the specimen numbering, it was not possible to trace any of the families concerned.
The donated fetuses were fixed with 10% w/w neutral formalin solution for more than 1 month. After division into the head and neck, the thorax, the abdomen, the pelvis and the four extremities, all parts were decalcified by incubating at 4°C in a 0.5-mol/L EDTA solution (pH 7.5; Decalcifying solution B; Wako, Tokyo) for 1-3 days, depending on the size of the material. With 20-50 micron intervals depending on the size, the head and neck specimens were processed for sagittal or horizontal sections. Most sections were stained with hematoxylin and eosin (HE), while some were used for immunoshitcohemnistry (see below).
The primary antibodies used for immunohistochemistry of CAs were rabbit polyclonal anti-human CA1, CA2, CA3, CA6, CA7, CA9 and CA12 (dilution, 1:500; originally established by the second author, S.P.; details, see Kivelā et al., A, 2000; Parkkila et al., 1990 Parkkila et al., , 1999 Saarnio et al., 1998) . The primary antibodies used for immunohistochemistry of intermediate filaments were 1) rabbit polyclonal anti-human glial fibrillary acidic protein or GFAP (dilution, 1:100; Dako Cytomation, Kyoto, Japan; Z0334); 2) mouse monoclonal anti-human desmin (1:100; Dako, Glostrup, Denmark; M0760); 3) mouse monoclonal anti-human vimentin (1:10; Dako, Glostrup, Denmark; M7020); 4) mouse monoclonal anti-human alpha smooth muscle actin or SMA (1:100; Dako, Glostrup, Denmark; M0760) and; 5) mouse monoclonal anti-human nestin (dilution, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, US; sc23927). Autoclave pretreatment was not conducted because of the loose nature of the fetal tissues. The secondary antibody (incubation for 30 min; Histofine Simple Stain Max-PO, Nichirei, Tokyo) was labeled with horseradish peroxidase (HRP), and antigen-antibody reactions were detected by the HRP-catalyzed reaction with diaminobenzidine (incubation for 3-5 min; Histofine Simple Stain DAB, Nichirei, Tokyo). All samples were counterstained with hematoxylin. Negative controls consisted of samples without primary antibody. In addition, DAKO's SMA antibody strongly reacts with endothelium of arteries and veins (Hayashi et al., 2008) .
Immunohistochemistry of matrix substances were conducted for collagen types I and II, aggrecan, versican, fibronectin, tenascin and hyaluronan. We considered this set of substances as an essential minimum for discussion (e.g., Kawase et al., 2012) . The staining for hyaluronan was performed using a biotinated hyaluronan binding protein (2 micro gram/ml; Seikagaku Corp, Tokyo, Japan) after immersion of sections in chondroitinase ABC (10 micron unit/ml; Sikagaku Corp, Tokyo, Japan) in 0.1 M tris-acetate buffer (pH 8.0, 37 C) during 30 min (Shibata et al., 2003) . For immunohistochemistry of the other matrix substances, we did pretreatment using testicular hyaluronidase (25mg/ml; Sigma, St. Louis, MO, USA) in phosphate buffered saline during 30 min at 37 C. The primary antibodies used were 1) rabbit polyclonal anti-rat type I collagen (dilution, 1:400; LSL, Tokyo, Japan); 2) rabbit polyclonal anti-rat type II collagen (1:400; LSL, Tokyo, Japan; dilution); 3) mouse monoclonal anti-ag- . All sections were treated with testicular hyaluronidase (Sigma type I-S; Sigma Chemicals, St Louis, Mo, USA) before challenging primary antibodies. After challenge by the second antibody Histofine SAB kit (Nichirei, Tokyo, Japan), the sections were treated with 3-amino-9-ethylcarbazole (AEC) to make the immunocomplex red. We made negative control without challenging of the first antibody.
Results
Immunoreactivity of CAs was seen in peripheral nerves, parts of conjunctiva, the lacrimal canalicluli, the tendon and pulley of the superior obliquus muscle and extra-ocular fibrous tissues extending to the conjunctiva ( Figs. 1 and 2 ): the nerves were weakly positive for CA1 and CA2, while the other tissues were positive for CA9. The ciliary body, cornea and retina were negative for all 7 isozymes of CAs examined. The tendon and pulley of the superior obliquus muscle were negative for negative for smooth muscle actin, desmin, and glial fibrillary acidic protein (figures, not shown).
In the anterior eye, the CA9-positive fibrous tissues extended anteriorly from the orbital aspect of the 4 rectus muscles to the upper (Figs. 1F and 2), lower (Fig. 2) , lateral (Fig. 3A) and medial (figure, not shown) parts of the palpebral conjunctiva. The CA9-positive anterior fibrous tissues were positive for smooth muscle actin (Fig. 3B ) but negative for desmin (Fig. 3C ) and glial fibrillary acidic protein (Fig. 3D) . In the posterior eye, the strong CA9 expression was seen in the lateral tendineous insertion of the orbitalis muscle (smooth muscle). The CA9-positive posterior fibrous tissue was negative for smooth muscle actin and desmin but strongly positive for nestin (Fig. 4) . Vimentin and nestin were diffusely positive in the extra-ocular connective tissue (Fig. 3EF) . Thus, in the CA9-positve fibrous tissues, reactivity of smooth muscle actin was different between the anterior and posterior eyes.
No matrix substances examined displayed a distribution pattern specific for the CA9-positive fibrous tissues (Fig. 5) although hyaluronan was not shown in the figure. Tenascin reactivity was specifically seen along the frontal bone surface (Fig. 5F ). Weak expression of collagen type 2 was seen along the rectus muscle fibers and in the CA-positive anterior fibrous tissues (Fig. 5B) .
Discussion
The present immunohistochemistry demonstrated that 1) CAs reactivity did not start expression in the ciliary body, cornea and retina at 16 weeks although their basic architectures were similar to the adult morphologies and 2) CA9 strongly expressed in the anterior and posterior fibrous tissues connecting with the palpebral conjunctiva or the lateral end of the orbitalis muscle, respectively. Liao et al. (2003) described reactivity of CA12 in the non-pigmented epithelium of the ciliary body at 15-20 weeks of gestation. However, we did not ensure it due to unknown reasons. CA9 is known to express in the fetal musculoskeletal system to maintain pH against hypoxia (Schultz et al., 2011; Liao et al., 2009; Scheibe et al., 2008) . Strong CA9 expression in the cartilaginous pulley and the tendon of the superior obliquus muscle seemed to correspond to a fact that the adjacent fetal joint surfaces are positive for CA9 (Schultz et al., 2011) and suggested a mechanical stress between the developing pulley and tendon. Notably, the CA9-positve fibrous tissues contained abundant smooth muscles in the anterior eye, whereas it did not in the posterior eye. In contrast to our hypothesis at the beginning of this study, no matrix substances examined displayed a distribution pattern specific for the CA9-positive structures. Actually, according to Provot et al. (2007) , mRNAs of matrix synthases are not differentially regulated by hypoxia. Therefore, whether or not CA9 was positive in the fibrous tissue seemed not to depend on the tissue components such as the extracellular matrix and intermediate filaments but to suggest a stressful status such as hypoxia, unsuitable base balance and/or under mechanical stress.
The CA9-positive fibrous tissue in the anterior eye seemed to correspond to the fetal collateral ligament of the eye (Osanai et al., 2011a) . This structure connecting between the rectus muscles and conjunctiva is most likely to develop into several adult structures: the sleeve and pulley system for the rectus muscles (Demer et al., 1995; Miller et al., 2003) , the so-called lower eyelid retractor (Hawes and Dortzbach, 1982) and the capsulopalpebral ligament (Nam et al., 2012) . In the posterior eye, the CA9-positve tissue seemed to correspond to the tendineous lateral insertion of the orbitalis muscle (Osanai et al., 2011b) . Most of these extra-ocular fibrous tissues contain abundant elastic fibers in adults (Kono et It is interesting that the phenotype of CA9-deficient mice is quite mild (Ortova Gut et al., 2002) . Likewise, Provot et al. (2007) reported that, in mouse limb bud mesenchyme, conditional knockout of Hif1alpha, that is linked with CA9 gene against hypoxia, does not impair mesenchymal condensation but alters formation of the cartilaginous primordia. Thus, CA9 expression in the fetal connective tissue may not suggest a critical physiological function of the CA but simply correspond to a signal of the temporally restricted mechanical stress from the adjacent structures. Contraction of the extra-occular muscles is most likely to induce growth of the conjunctiva via the fetal collateral ligament of the eye (Osanai et al., 2011a) . Likewise, the fetal orbitalis muscle is likely to maintain an intra-orbital pressure suitable for a normal development of the sleeve and pulley system (Osanai et al., 2011b) . Therein, the CA9-positive fibrous tissues seemed to receive the mechanical stress. 
